Introduction
Chromatin structure defines the state in which genetic information in the form of DNA is organized within a cell. This organization of the genome into a precise compact structure greatly influences the abilities of genes to be activated or silenced. Epigenetics, originally defined by C.H.Waddington (1) as 'the causal interactions between genes and their products, which bring the phenotype into being', involves understanding chromatin structure and its impact on gene function. Waddington's definition initially referred to the role of epigenetics in embryonic development; however, the definition of epigenetics has evolved over time as it is implicated in a wide variety of biological processes. The current definition of epigenetics is 'the study of heritable changes in gene expression that occur independent of changes in the primary DNA sequence'. Most of these heritable changes are established during differentiation and are stably maintained through multiple cycles of cell division, enabling cells to have distinct identities while containing the same genetic information. This heritability of gene expression patterns is mediated by epigenetic modifications, which include methylation of cytosine bases in DNA, posttranslational modifications of histone proteins as well as the positioning of nucleosomes along the DNA. The complement of these modifications, collectively referred to as the epigenome, provides a mechanism for cellular diversity by regulating what genetic information can be accessed by cellular machinery. Failure of the proper maintenance of heritable epigenetic marks can result in inappropriate activation or inhibition of various signaling pathways and lead to disease states such as cancer (2, 3) .
Recent advances in the field of epigenetics have shown that human cancer cells harbor global epigenetic abnormalities, in addition to numerous genetic alterations (3, 4) . These genetic and epigenetic alterations interact at all stages of cancer development, working together to promote cancer progression (5) . The genetic origin of cancer is widely accepted; however, recent studies suggest that epigenetic alterations may be the key initiating events in some forms of cancer (6) . These findings have led to a global initiative to understand the role of epigenetics in the initiation and propagation of cancer (7) . The fact that epigenetic aberrations, unlike genetic mutations, are potentially reversible and can be restored to their normal state by epigenetic therapy makes such initiatives promising and therapeutically relevant (8) .
In this review, we take a comprehensive look at the current understanding of the epigenetic mechanisms at work in normal mammalian cells and their comparative aberrations that occur during carcinogenesis. We also discuss the idea of cancer stem cells as the originators of cancer and the prospect of epigenetic therapy in designing efficient strategies for cancer treatment.
Epigenetic mechanisms in normal cells
Chromatin is made of repeating units of nucleosomes, which consist of $146 base pairs of DNA wrapped around an octamer of four core histone proteins (H3, H4, H2A and H2B) (9) . Epigenetic mechanisms that modify chromatin structure can be divided into four main categories: DNA methylation, covalent histone modifications, noncovalent mechanisms such as incorporation of histone variants and nucleosome remodeling and non-coding RNAs including microRNAs (miRNAs). These modifications work together to regulate the functioning of the genome by altering the local structural dynamics of chromatin, primarily regulating its accessibility and compactness. The interplay of these modifications creates an 'epigenetic landscape' that regulates the way the mammalian genome manifests itself in different cell types, developmental stages and disease states, including cancer (4, (10) (11) (12) (13) (14) . The distinct patterns of these modifications present in different cellular states serve as a guardian of cellular identity (Table I) . Here, we will discuss the important aspects of the key epigenetic mechanisms present in normal cells.
DNA methylation
DNA methylation is perhaps the most extensively studied epigenetic modification in mammals. It provides a stable gene silencing mechanism that plays an important role in regulating gene expression and chromatin architecture, in association with histone modifications and other chromatin associated proteins. In mammals, DNA methylation primarily occurs by the covalent modification of cytosine residues in CpG dinucleotides. CpG dinucleotides are not evenly distributed across the human genome but are instead concentrated in short CpG-rich DNA stretches called 'CpG islands' and regions of large repetitive sequences (e.g. centromeric repeats, retrotransposon elements, rDNA etc.) (15, 16) . CpG islands are preferentially located at the 5# end of genes and occupy $60% of human gene promoters (17) . While most of the CpG sites in the genome are methylated, the majority of CpG islands usually remain unmethylated during development and in differentiated tissues (11) . However, some CpG island promoters become methylated during development, which results in long-term transcriptional silencing. X-chromosome inactivation and imprinted genes are classic examples of such naturally occurring CpG island methylation during development (15) . Some tissue-specific CpG island methylation has also been reported to occur in a variety of somatic tissues, primarily at developmentally important genes (18, 19) . In contrast, the repetitive genomic sequences that are scattered all over the human genome are heavily methylated, which prevents chromosomal instability by silencing non-coding DNA and transposable DNA elements (11) . DNA methylation can lead to gene silencing by either preventing or promoting the recruitment of regulatory proteins to DNA. For example, it can inhibit transcriptional activation by blocking transcription factors from accessing target-binding sites e.g. c-myc and MLTF (20, 21) . Alternatively, it can provide binding sites for methyl-binding domain proteins, which can mediate gene repression through interactions with histone deacetylases (HDACs) (22, 23) . Thus, DNA methylation uses a variety of mechanisms to heritably silence genes and non-coding genomic regions.
The precise DNA methylation patterns found in the mammalian genome are generated and heritably maintained by the cooperative activity of the de novo methyltransferases-DNMT3A and DNMT3B, which act independent of replication and show equal preference for both unmethylated and hemimethylated DNA and the maintenance DNA methyltransferase-DNMT1, which acts during replication preferentially methylating hemimethylated DNA (24, 25) .
While the role of CpG island promoter methylation in gene silencing is well established, much less is known about the role of methylation of non-CpG island promoters. Recent studies have shown that DNA methylation is also important for the regulation of nonCpG island promoters. For example, tissue-specific expression of MASPIN, which does not contain a CpG island within its promoter, is regulated by DNA methylation (26) . Similarly, methylation of the non-CpG island Oct-4 promoter, strongly influences its expression level (27) . Since CpG islands occupy only $60% of human gene promoters, it is essential to elucidate the role of non-CpG island methylation in order to fully understand the global role of DNA methylation in normal tissue (17) .
Covalent histone modifications
Histone proteins, which comprise the nucleosome core, contain a globular C-terminal domain and an unstructured N-terminal tail (9) . The N-terminal tails of histones can undergo a variety of posttranslational covalent modifications including methylation, acetylation, ubiquitylation, sumoylation and phosphorylation on specific residues (12) . These modifications regulate key cellular processes such as transcription, replication and repair (12) . The complement of modifications is proposed to store the epigenetic memory inside a cell in the form of a 'histone code' that determines the structure and activity of different chromatin regions (28) . Histone modifications work by either changing the accessibility of chromatin or by recruiting and/or occluding non-histone effector proteins, which decode the message encoded by the modification patterns. The mechanism of inheritance of this histone code, however, is still not fully understood.
Unlike DNA methylation, histone modifications can lead to either activation or repression depending upon which residues are modified and the type of modifications present. For example, lysine acetylation correlates with transcriptional activation (12, 29) , whereas lysine methylation leads to transcriptional activation or repression depending upon which residue is modified and the degree of methylation. For example, trimethylation of lysine 4 on histone H3 (H3K4me3) is enriched at transcriptionally active gene promoters (30) , whereas trimethylation of H3K9 (H3K9me3) and H3K27 (H3K27me3) is present at gene promoters that are transcriptionally repressed (12) . The latter two modifications together constitute the two main silencing mechanisms in mammalian cells, H3K9me3 working in concert with DNA methylation and H3K27me3 largely working exclusive of DNA methylation ( Figure 1) . A vast array of active and repressive histone modifications have been identified, which constitute a complex gene regulatory network essential for the physiological activities of cells (10, 12) . Genome-wide studies showing distinct localization and combinatorial patterns of these histone marks in the genome have significantly increased our understanding of how these diverse modifications act in a cooperative manner to regulate global gene expression patterns (31, 32) .
Specific patterns of histone modifications are present within distinct cell types and are proposed to play a key role in determining cellular identity (33, 34) . For example, embryonic stem (ES) cells possess 'bivalent domains' that contain coexisting active (H3K4me3) and repressive (H3K27me3) marks at promoters of developmentally important genes (35, 36) . Such bivalent domains are established by the activity of two critical regulators of development in mammals: the polycomb group that catalyzes the repressive H3K27 trimethylation mark and is essential for maintaining ES cell pluripotency through silencing cell fate-specific genes and potentially the trithorax group that catalyzes the activating H3K4 trimethylation mark and is required for maintaining active chromatin states during development (34) . This bivalency is hypothesized to add to phenotypic plasticity, enabling ES cells to tightly regulate gene expression during different developmental processes. Differentiated cells lose this bivalency and acquire a more rigid chromatin structure, which may be important for maintaining cell fate during cellular expansion (33) . This hypothesis is supported by the recent discovery of large condensed chromatin regions containing the repressive H3K9me2 mark, termed 'LOCKs' (large organized chromatin K9 modifications), in differentiated ES cells that can maintain silencing of large genomic regions in differentiated tissues (37) . Histone modification patterns are dynamically regulated by enzymes that add and remove covalent modifications to histone proteins. Histone acetyltransferases (HATs) and histone methyltransferases (HMTs) add acetyl and methyl groups, respectively, whereas HDACs and histone demethylases (HDMs) remove acetyl and methyl groups, respectively (38, 39) . A number of histone-modifying enzymes including various HATs, HMTs, HDACs and HDMs have been identified in the past decade (12) . These histone-modifying enzymes interact with each other as well as other DNA regulatory mechanisms to tightly link chromatin state and transcription.
Interplay of DNA methylation and histone modifications
In addition to performing their individual roles, histone modifications and DNA methylation interact with each other at multiple levels to determine gene expression status, chromatin organization and cellular identity (40) . Several HMTs, including G9a, SUV39H1 and PRMT5, can direct DNA methylation to specific genomic targets by directly recruiting DNA methyltransferases (DNMTs) to stably silence genes (41) (42) (43) . In addition to the direct recruitment of DNMTs, HMTs and demethylases also influence DNA methylation levels by regulating the stability of DNMT proteins (44, 45) . DNMTs can in turn recruit HDACs and methyl-binding proteins to achieve gene silencing and chromatin condensation (22, 23) . DNA methylation can also direct H3K9 methylation through effector proteins, such as MeCP2, thereby establishing a repressive chromatin state (46) . The interactions between DNA methylation machinery and histone modifying enzymes further enhance the complexity of epigenetic regulation of gene expression, which determines and maintains cellular identity and function.
Nucleosome positioning and histone variants
Non-covalent mechanisms, such as nucleosome remodeling and replacement of canonical histone proteins with specialized histone variants, also play an important role in how chromatin structure regulates gene activity. In addition to serving as the basic modules for DNA packaging within a cell, nucleosomes regulate gene expression by altering the accessibility of regulatory DNA sequences to transcription factors (14) . Genome-wide nucleosome mapping data for various eukaryotic organisms reveal a common organizational theme with precise positioning of nucleosomes around gene promoters, compared with the relatively random pattern found in gene bodies (47) . Nucleosome-free regions (NFRs) present at the 5# and 3# ends of genes are thought to provide the sites for assembly and disassembly of the transcription machinery (48) . The loss of a nucleosome directly upstream of the transcription start site is tightly correlated with gene activation (49, 50) . Furthermore, the presence of an NFR at gene promoters with basal level of transcription correlates with their ability for rapid activation upon stimulation (51) . In contrast, occlusion of the transcription start site within the NFR by a nucleosome is associated with gene repression (52) . Modulation of the NFRs is orchestrated by ATP-dependent chromatin-remodeling complexes, which modify the accessibility of DNA regulatory sites through both sliding and ejection of nucleosomes (53) . The interaction of nucleosome remodeling machinery with DNA methylation and histone modifications plays a pivotal role in establishing global gene expression patterns and chromatin architecture (Figures 1 and 2 ) (54, 55) .
In addition to physical alterations in nucleosomal positioning via nucleosome remodelers, the incorporation of histone variants, e.g. H3.3 and H2A.Z, into nucleosomes also influences nucleosome occupancy and thus gene activity (56, 57) . Unlike the major histone subtypes whose synthesis and incorporation is coupled to DNA replication in S phase, these variants are synthesized and incorporated into chromatin throughout the cell cycle (56). H3.3 and H2A.Z are preferentially enriched at promoters of active genes or genes poised for activation and can mediate gene activation by altering the stability of nucleosomes (58) . H2A.Z incorporation may also contribute to gene activation by protecting genes against DNA methylation (59) . In ES cells, H2A.Z colocalizes with bivalent domains where it may assist in maintaining key developmental genes in a poised state (60) . Like canonical histones, histone variants undergo various posttranslational modifications, which determine their nuclear localization and function. For example, acetylated H2A.Z primarily associates with active genes in euchromatin, whereas ubiquitylated H2A.Z associates with facultative heterochromatin (61, 62) . Taken together, the inclusion of histone variants within nucleosomes provides an additional epigenetic mechanism utilized by cells to modify chromatin structure according to the needs of diverse cellular processes. miRNAs miRNAs are small, $22 nt, non-coding RNAs that regulate gene expression through posttranscriptional silencing of target genes. 27) is accompanied by the removal of acetylation by HDACs, loss of H3K4 methylation, chromatin compaction, nucleosome occupancy in the NFR and ubiquitylation of H2A.Z; (C) Long-term silencing through DNA methylation is performed by DNA methyltransferases. DNA methylation (small red circles on DNA strands) is often accompanied by the repressive H3K9 methylation (red circles, 9), on promoters, which leads to chromatin compaction by recruitment of HP1. DNA Methylated-silenced promoters show a depletion of H2A.Z, loss of H3K4 methylation and histone deacetylation. Ac, acetylation; EZH2, enhancer of zeste homolog 2; HP1, heterochromatin protein 1; K4-HMT, Histone H3 lysine 4 histone methyltransferase; K9-HMT, Histone H3 lysine 9 histone methyltransferase; Pol-II, RNA polymerase II; PRC1 and PRC2, polycomb repressive complex 1 and 2; Ub, ubiquitination.
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Sequence-specific base pairing of miRNAs with 3# untranslated regions of target messenger RNA within the RNA-induced silencing complex results in target messenger RNA degradation or inhibition of translation (63) . miRNAs are expressed in a tissue-specific manner and control a wide array of biological processes including cell proliferation, apoptosis and differentiation. The list of miRNAs identified in the human genome and their potential target genes is growing rapidly, demonstrating their extensive role in maintaining global gene expression patterns (13) . Like normal genes, the expression of miRNAs can be regulated by epigenetic mechanisms (64) . In addition, miRNAs can also modulate epigenetic regulatory mechanisms inside a cell by targeting enzymes responsible for DNA methylation (DNMT3A and DNMT3B) and histone modifications (EZH2) (65, 66) . Such interaction among the various components of the epigenetic machinery re-emphasizes the integrated nature of epigenetic mechanisms involved in the maintenance of global gene expression patterns.
Aberrant reprogramming of the epigenome in cancer
The precise epigenomic landscape present in normal cells undergoes extensive distortion in cancer (4). These epimutations, along with widespread genetic alterations, play an important role in cancer initiation and progression (3) . The cancer epigenome is characterized by global changes in DNA methylation and histone modification patterns as well as altered expression profiles of chromatin-modifying enzymes. These epigenetic changes result in global dysregulation of gene expression profiles leading to the development and progression of disease states (2) . Epimutations can lead to silencing of tumor suppressor genes independently and also in conjunction with deleterious genetic mutations or deletions; thus, serving as the second hit required for cancer initiation according to the 'two-hit' model proposed by Alfred Knudson (5) . In addition to inactivating tumor suppressors, epimutations can also promote tumorigenesis by activating oncogenes. The events that lead to initiation of these epigenetic abnormalities are still not fully understood. Nevertheless, since epigenetic alterations, like genetic mutations, are mitotically heritable, they are selected for in a rapidly growing cancer cell population and confer a growth advantage to tumor cells resulting in their uncontrolled growth.
DNA methylation aberrations in cancer
Cancer initiation and progression are accompanied by profound changes in DNA methylation that were the first epigenetic alterations identified in cancer (67, 68) . A cancer epigenome is marked by genome-wide hypomethylation and site-specific CpG island promoter hypermethylation (Figure 2) (3) . While the underlying mechanisms that initiate these global changes are still under investigation, recent studies indicate that some changes occur very early in cancer development and may contribute to cancer initiation (6) .
Global DNA hypomethylation plays a significant role in tumorigenesis and occurs at various genomic sequences including repetitive elements, retrotransposons, CpG poor promoters, introns and gene deserts (69) . DNA hypomethylation at repeat sequences leads to increased genomic instability by promoting chromosomal rearrangements (3, 70) . Hypomethylation of retrotransposons can result in their activation and translocation to other genomic regions, thus increasing genomic instability (71) . Induction of genomic instability by hypomethylation is best exemplified in patients with the immunodeficiency, centromeric region instability and facial anomalies syndrome, which have a germ line mutation in the DNMT3B enzyme resulting in hypomethylation and subsequent chromosomal instability (72) . Similar loss of DNA methylation and genomic instability is implicated in a variety of human cancers (71) . In addition, DNA hypomethylation can lead to the activation of growth-promoting genes, such as R-Ras and MAPSIN in gastric cancer, S-100 in colon cancer and MAGE (melanoma-associated antigen) in melanoma (73) , and a loss of imprinting (LOI) in tumors (74) . In Wilms' tumor, hypomethylation-induced LOI of IGF2, an important autocrine growth factor, results in its pathological biallelic expression (75) . LOI of IGF2 has also been linked with an increased risk of colorectal cancer (76) . Thus, DNA hypomethylation leads to aberrant activation of genes and non-coding regions through a variety of mechanisms that contributes to cancer development and progression.
In contrast to hypomethylation, which increases genomic instability and activates proto-oncogenes, site-specific hypermethylation contributes to tumorigenesis by silencing tumor suppressor genes. Since the initial discovery of CpG island hypermethylation of the Rb promoter (a tumor suppressor gene associated with retinoblastoma) (77), various other tumor suppressor genes, including p16, MLH1 and BRCA1, have also been shown to undergo tumor-specific silencing by hypermethylation (3, 4, 78) . These genes are involved in cellular processes, which are integral to cancer development and progression, including DNA repair, cell cycle, cell adhesion, apoptosis and angiogenesis. Epigenetic silencing of such tumor suppressor genes can also lead to tumor initiation by serving as the second hit in the Knudson's two-hit model (5) . In addition to direct inactivation of tumor suppressor genes, DNA hypermethylation can also indirectly silence additional classes of genes by silencing transcription factors and DNA repair genes. Promoter hypermethylation-induced silencing of transcription factors, such as RUNX3 in esophageal cancer (79) and GATA-4 and GATA-5 in colorectal and gastric cancers (80), leads to inactivation of their downstream targets. Silencing of DNA repair genes (e.g. MLH1, BRCA1 etc.) enables cells to accumulate further genetic lesions leading to the rapid progression of cancer.
While the ability of DNA hypermethylation to silence tumor suppressor genes in cancer is well established, how genes are targeted for this aberrant DNA methylation is still unclear. One possibility is that silencing specific genes by hypermethylation provides a growth advantage to cells resulting in their clonal selection and proliferation. Tumor-specific CpG island methylation can occur through a sequence-specific instructive mechanism by which DNMTs are targeted to specific genes by their association with oncogenic transcription factors. Aberrant hypermethylation and silencing of specific target gene promoters by the PML-RAR fusion protein in acute promyelocytic leukemia is an example of such a mechanism (81). Large 
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stretches of DNA can become abnormally methylated in cancer (82) causing some CpG islands to be hypermethylated as a result of their location inside such genomic regions that have undergone large-scale epigenetic reprogramming. Another interesting mechanism proposes a role of histone marks in the tumor-specific targeting of de novo methylation and will be discussed in detail in the next section. Interestingly, regions that are hypermethylated in cancer are often premarked with H3K27me3 polycomb mark in ES cells (Figure 3 ) (83-85) suggesting a link between the regulation of development and tumorigenesis. This observation also partially explains the theory of 'CpG island methylator phenotype' or CIMP that hypothesizes that there is coordinated methylation of a subset of CpG islands in tumors since many of these CIMP loci are known polycomb targets (84, 86) . Further understanding of how specific genomic regions are targeted for DNA hypermethylation in cancer will potentially lead to additional therapeutic targets.
Changes in histone modifications in cancer
Recent advances in high-throughput sequencing have enabled genome-wide mapping of chromatin changes occurring during tumorigenesis. These studies have revealed a global loss of acetylated H4-lysine 16 (H4K16ac) and H4-lysine 20 trimethylation (H4K20me3) (87) . Such loss of histone acetylation, which is mediated by HDACs, results in gene repression. HDACs are often found overexpressed in various types of cancer (88, 89) and thus, have become a major target for epigenetic therapy. HATs, which work in concert with HDACs to maintain histone acetylation levels, can also be altered in cancer. Aberrant formation of fusion proteins through chromosomal translocations of HAT and HAT-related genes (e.g. MOZ, MORF, CBP and p300) occurs in leukemia (90) . Mistargeting of such deleterious fusion proteins contributes to global alterations in histone acetylation patterns in cancer.
In addition to changes in histone acetylation, cancer cells also display widespread changes in histone methylation patterns. Alterations in H3K9 and H3K27 methylation patterns are associated with aberrant gene silencing in various forms of cancer (91, 92) . Dysregulation of HMTs responsible for repressive marks results in altered distribution of these marks in cancer and leads to aberrant silencing of tumor suppressor genes. For example, EZH2, which is the H3K27 HMT, is overexpressed in breast and prostate cancer (92) . Increased levels of G9a, the H3K9 HMT, has been found in liver cancer and is implicated in perpetuating malignant phenotype possibly through modulation of chromatin structure (93, 94) . Chromosomal translocations of MLL, the H3K4 HMT, lead to ectopic expression of various homeotic (Hox) genes and play a key role in leukemic progression (95) .
In addition to HMTs, lysine specific-demethylases that work in coordination with HMTs to maintain global histone methylation patterns are also implicated in cancer progression (96) . LSD1, the first identified lysine demethylase, can effectively remove both activating and repressing marks (H3K4 and H3K9 methylation, respectively) depending on its specific binding partners (97, 98) , thus, acting as either a corepressor or a co-activator. After LSD1, several other histone lysine demethylases have been discovered including Jumonji C domain proteins. Several of these HDMs are upregulated in prostate cancer, thus, making them potential therapeutic targets (39) . However, since HDMs, like LSD1, can perform both activating and repressive functions, it is essential to first understand their precise contextdependent roles before their therapeutic inhibition can be used as an effective cancer treatment strategy. Despite these challenges, targeting HDMs is a promising treatment option for the future as revealed by a recent study which showed that inhibition of LSD1 in neuroblastoma causes decreased proliferation in vitro and inhibition of xenograft growth (99).
Epigenetic switching in cancer
As mentioned previously, DNA methylation and histone modifications work independently and in concert to alter gene expression during tumorigenesis. A key facet of such silencing mechanisms is the formation of a rigid repressive chromatin state that results in reduced cellular plasticity. The recent discovery of tumor-specific de novo methylation of polycomb target genes, which are silenced by H3K27me3 in normal cells, is another example of this phenomenon (83) (84) (85) . In ES cells, developmentally important genes are reversibly silenced by polycomb proteins through the establishment of the repressive H3K27me3 mark. After differentiation, these genes continue to be repressed through the maintenance of the polycomb mark on their unmethylated promoters by EZH2. In cancer, the polycomb mark is replaced by de novo DNA methylation possibly through the recruitment of DNMTs via the polycomb complex (100). This tumorspecific 'epigenetic switching' of the plastic polycomb mark with more stable DNA methylation results in the permanent silencing of key regulatory genes that may contribute to cell proliferation and tumorigenesis ( Figure 3) (101) . However, which transformationassociated factors trigger this switch is still unclear.
Role of nucleosome positioning in cancer
The roles of DNA methylation and histone modifications in cancer initiation and progression are well established; however, the changes in chromatin structure that accompany DNA methylation and histone modification changes are less well understood. Emerging data have revealed that nucleosome remodeling works in concert with DNA methylation and histone modifications and plays a central role in tumor-specific gene silencing. DNA methylation-induced silencing of tumor suppressor genes in cancer involves distinct changes in nucleosome positioning resulting in nucleosome occupancy at transcription start site (Figure 2) . Reactivation of such silenced genes using DNMT inhibitors is accompanied by a loss of nucleosomes from the promoter region (50) . In addition, nucleosome remodeling Fig. 3 . Reprogramming of the epigenome during development and tumorigenesis. (A) In ES cells, developmentally important genes are marked by a unique 'bivalent domain' structure, consisting of the active H3K4 methylation (green circles, 4) and repressive H3K27 methylation (red circles, 27) marks together with H2A.Z. Such bivalent domains are important for maintaining epigenomic plasticity that is required during development. During differentiation, the bivalent domains are lost, giving way to the establishment of a more rigid 'monovalent domain' structure that is either active (indicated by the green arrow) or repressive (indicated by the red arrow) depending upon which mark is maintained. (B) In cancer, cells undergo aberrant somatic reprogramming that results in gene silencing through formation of a compact chromatin structure. Silencing can occur through PRC (Polycomb Repressive Complex) reprogramming-silencing of active genes by the polycomb group; DNA methylation reprogramming-silencing through de novo hypermethylation (small red circles on DNA strands) accompanied by H3K9 methylation (red circles, 9) or epigenetic switching-replacement of gene repression by the polycomb mark with long-term silencing through DNA methylation; Ub, ubiquitylation.
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can lead to aberrant gene silencing via the transmission of repressive epigenetic marks to tumor suppressor gene promoters. Recent work by Morey et al. demonstrated that nucleosome remodeling and deacetylase (NuRD) corepressor complex plays a central role in aberrant gene silencing in leukemia via the oncogenic transcription factor, PML-RARa. The NuRD complex facilitates recruitment of the polycomb repressive complex 2 and DNMT3A to PML-RARa target gene promoters leading to their permanent silencing by establishing a repressive chromatin state (102) . NuRD can also be recruited to methylated promoters through its interaction with the methyl-binding domain2 protein (103) . Sustained binding of NuRD to such promoters may assist in preserving their repressive state through maintenance of DNA methylation.
Alterations in the SWI-SNF complex, an ATP-dependent chromatinremodeling complex, are also associated with cancer development (104) . Abrogation of SWI-SNF function through alterations in its various subunits can result in malignant transformation. The BAF47 (hSNF5) subunit of the SWI-SNF complex is a bona fide tumor suppressor and its inhibition in rhabdoid tumors causes inactivation of the p21 and p16 pathways leading to oncogenic transformation (105) . Furthermore, BRG1 and BRM, the catalytic subunits of SWI-SNF, are silenced in $15-20% of primary non-small-cell lung cancers (106) . Treatment of BRM null cell lines with HDAC inhibitors has been shown to restore its expression, thus, making it a promising target for epigenetic therapy. However, such treatment also resulted in acetylation of BRM protein that abrogated its function (104) . Development of specific HDAC inhibitors, which can circumvent BRM acetylation, is essential for successful induction of functional BRM in tumors, which can be used as a prospective therapeutic target in the future.
Interestingly, a context-dependent oncogenic role of BRG1 has also been proposed. Work by Naidu et al. reveals that BRG1 contributes to cancer development by constraining p53 activity through the destabilization of the p53 protein. Opposing roles of SWI-SNF subunits highlight the requirement for a deeper understanding of the role of nucleosome remodeling in cancer development in order to develop effective tumor-specific therapies (107) .
In addition to remodeling complexes, the histone variant H2A.Z has also been implicated in tumorigenesis. H2A.Z is overexpressed in several types of cancer and has been associated with the promotion of cell cycle progression (62) . Interestingly, loss of H2A.Z has also been implicated in tumor progression through possible destabilization of chromosomal boundaries resulting in spreading of repressive chromatin domains and de novo hypermethylation of tumor suppressor gene promoters (108) .
Deregulation of miRNAs in cancer
Accumulating evidence from studies comparing miRNA expression profiles in tumors and corresponding normal tissues indicate widespread changes in miRNA expression during tumorigenesis (109) . Since miRNAs regulate genes involved in transcriptional regulation, cell proliferation and apoptosis (the most common processes deregulated in cancer), alteration in their expression can promote tumorigenesis. miRNAs can function as either tumor suppressors or oncogenes depending upon their target genes. Many tumor suppressor miRNAs that target growth-promoting genes are repressed in cancer. For example, miR-15 and 16 that target BCL2, an antiapoptotic gene, are downregulated in chronic lymphocytic leukemia, whereas let-7 that targets the oncogene, RAS, is downregulated in lung cancer (13, 110) . Furthermore, miR-127, which targets BCL6, is significantly downregulated in prostate and bladder tumors (111) and mir-101, which targets polycomb group protein EZH2, is downregulated in bladder transitional cell carcinoma (66) . In contrast to tumor suppressor miRNAs, oncogenic miRNAs, which target growth inhibitory pathways, are often upregulated in cancer. For example, miR-21, which targets PTEN, is upregulated in human glioblastoma (112) . miRNA-155 is upregulated in breast, lung and several hematopoietic malignancies (113) . While the exact mechanism of action of miR-155 is still unclear, there are suggestions that it may play a role in the class switch recombination process by targeting activation-induced cytidine deaminase (114) . The oncogenic miR-17-miR-92 cluster, which targets pro-apoptotic gene Bim, is found overexpressed in several kinds of cancer (115) .
Changes in miRNA expression can be achieved through various mechanisms including chromosomal abnormalities, transcription factor binding and epigenetic alterations (116) . The initial report by Saito et al. demonstrated that miR-127, a tumor suppressor miRNA embedded in a CpG island, was silenced in cancer by DNA methylation and has led to subsequent discovery of several other miRNAs that are also silenced by epigenetic mechanisms in cancer (117, 118) . Since such epigenetic repression of tumor suppressor miRNAs can be potentially reversed by treatment with chromatin modifying drugs, they can serve as promising targets for epigenetic therapy. Saito et al. (64, 111) successfully demonstrated reactivation of miR-127 in T24 bladder cancer cells following treatment with chromatin modifying drugs including DNA methylation and HDAC inhibitors. Such drug-induced activation of tumor suppressor miRNAs holds great promise for the future of cancer therapeutics.
The cancer stem cell model Recent work suggests that the global epigenetic changes in cancer may involve the dysregulation of hundreds of genes during tumorigenesis. The mechanism by which a tumor cell accumulates such widespread epigenetic abnormalities during cancer development is still not fully understood. The selective advantage of these epimutations during tumor progression is possible, but it is unlikely that the multitude of epigenetic alterations that reside in a cancer epigenome occur in a random fashion and then accumulate inside the tumor due to clonal selection. A more plausible explanation would be that the accumulation of such global epigenomic abnormalities arises from initial alterations in the central epigenetic control machinery, which occur at a very early stage of neoplastic evolution. Such initiating events can predispose tumor cells to gain further epimutations during tumor progression in a fashion similar to accumulation of the genetic alterations that occurs following defects in DNA repair machinery in cancer. The 'cancer stem cell' model suggests that the epigenetic changes, which occur in normal stem or progenitor cells, are the earliest events in cancer initiation (6) . The idea that these initial events occur in stem cell populations is supported by the common finding that epigenetic aberrations are some of the earliest events that occur in various types of cancer and also by the discovery that normal tissues have altered progenitor cells in cancer patients (76, 119, 120) . This stem cell-based cancer initiation model is consistent with the observation that tumors contain a heterogenous population of cells with diverse tumorigenic properties (121) . Since epigenetic mechanisms are central to maintenance of stem cell identity (33, 122) , it is reasonable to speculate that their disruption may give rise to a high-risk aberrant progenitor cell population that can undergo transformation upon gain of subsequent genetic gatekeeper mutations. Such epigenetic disruptions can lead to an overall increase in number of progenitor cells along with an increase in their ability to maintain their stem cell state, forming a high-risk substrate population that can readily become neoplastic on gain of additional genetic mutations (4) .
Several findings have recently emerged in support of the cancer stem cell model. Mice with a LOI at the IGF2 locus and an Apc mutation show an expansion in the progenitor cell population of the intestinal epithelium, with the epithelial cells showing higher expression of progenitor cell markers and shifting toward a lessdifferentiated state (123) . These mice were also at a higher risk for intestinal tumors relative to control mice (123) . Interestingly, humans with LOI of IGF2 also show a similar dedifferentiation of normal colonic mucosa cells along with a higher risk for colorectal cancer (76) . Also, stem cell-like characteristics of tumor cells were displayed through successful cloning of mouse melanoma and medulloblastoma nuclei to form blastocysts and chimeric mice (124) .
DNA methylation-induced silencing of genes involved in the regulation of stem/precursor cells' self renewal capacity, such as p16,
APC, SFRPs etc., is commonly observed in the early stages of colon and other cancers (4) . Aberrant silencing of these so called 'epigenetic gatekeeper' genes in conditions of chronic stress, such as inflammation, enables stem/precursor cells to gain infinite renewal capacity thereby becoming immortal. These preinvasive immortal stem cells are selected for and then form a pool of abnormal precursor cells that can undergo further genetic mutations leading to tumorigenesis (4, 125) . Human ES cells with cancer cell characteristics including higher frequency of teratoma-initiating cells, growth factor and niche independence have also been found (126) . These partially transformed stem cells display a higher expression of pluripotency markers suggesting their enhanced 'stemness' along with high proliferative capacity (126) .
Polycomb proteins, which control the silencing of developmental regulators in ES cells, provide another link between stem cell biology and cancer initiation. Polycomb proteins are commonly upregulated in various forms of cancer (92) . In addition, genes that are marked by polycomb repressive mark H3K27me3 in ES cells are often methylated in cancer suggesting the presence of a shared regulatory framework, which connects cancer cells with stem/progenitor cell populations. Such findings support the hypothesis of epigenetics playing a central role in early neoplasia and cancer stem cells being the key perpetuators of cancer (83, 84) .
Epigenetic therapy of cancer
The reversible nature of the profound epigenetic changes that occur in cancer has led to the possibility of 'epigenetic therapy' as a treatment option. The aim of epigenetic therapy is to reverse the causal epigenetic aberrations that occur in cancer, leading to the restoration of a 'normal epigenome'. Many epigenetic drugs have been discovered in the recent past that can effectively reverse DNA methylation and histone modification aberrations that occur in cancer (8) . DNA methylation inhibitors were among the first epigenetic drugs proposed for use as cancer therapeutics. The remarkable discovery that treatment with cytotoxic agents, 5-azacytidine (5-aza-CR) and 5-aza-2#-deoxycytidine (5-aza-CdR), lead to the inhibition of DNA methylation that induced gene expression and caused differentiation in cultured cells led to the realization of the potential use of these drugs in cancer therapy (127) . These nucleoside analogs get incorporated into the DNA of rapidly growing tumor cells during replication and inhibit DNA methylation by trapping DNA methyltransferases onto the DNA, leading to their depletion inside the cell (2). This druginduced reduction of DNA methylation causes growth inhibition in cancer cells by activating tumor suppressor genes aberrantly silenced in cancer (8). 5-Aza-CR (azacitidine) and 5-aza-CdR (decitabine) have now been FDA approved for use in the treatment of myelodysplastic syndromes and promising results have also emerged from the treatment of other hematological malignancies such as acute myeloid leukemia and chronic myeloid leukemia using these drugs (128) . The possible clinical use of other improved DNA methylation inhibitors such as zebularine, which can be orally administered, is currently under investigation (129) .
The ability of these drugs to be incorporated into DNA raises concerns regarding their potential toxic effect on normal cells. However, since these drugs only act on dividing cells, one can argue that treatment with these drugs should mainly target rapidly dividing tumor cells and should have minimal effects on slowly dividing normal cells. This argument has been supported by studies demonstrating minimal side effects of long-term treatment with DNA methylation inhibitors (130) . Nevertheless, an alternative approach involving the development of non-nucleoside compounds, which can effectively inhibit DNA methylation without being incorporated into DNA, is also being actively pursued. Development of several small molecule inhibitors such as SGI-1027, RG108 and MG98 is a step in that direction (131, 132) . These molecules can achieve their inhibitory effects by either blocking catalytic/cofactor-binding sites of DNMTs or by targeting their regulatory messenger RNA sequences; however, the weak inhibitory potential of these drugs indicates a need for the development of more potent inhibitory compounds in future.
Aberrant gene silencing in cancer is also associated with a concomitant loss of histone acetylation. Re-establishing normal histone acetylation patterns through treatment with HDAC inhibitors have been shown to have antitumorigenic effects including growth arrest, apoptosis and the induction of differentiation. These antiproliferative effects of HDAC inhibitors are mediated by their ability to reactivate silenced tumor suppressor genes (133) . Suberoylanilide hydroxamic acid (SAHA), which is an HDAC inhibitor, has now been approved for use in clinic for treatment of T cell cutaneous lymphoma. Several other HDAC inhibitors such as depsipeptide and phenylbutyrate are currently under clinical trials (131) .
The interaction between different components of the epigenetic machinery has led to the exploration of effective combinatorial cancer treatment strategies, which involve use of both DNA methylation and HDAC inhibitors together. Such combination treatment strategies have been found to be more effective than individual treatment approaches. For example, the derepression of certain putative tumor suppressor genes was only seen when 5-Aza-CdR and trichostatin A were combined (134) . Antitumorigenic effects of depsipeptide were enhanced when leukemic cells were simultaneously treated with 5-Aza-CdR (135) . Synergistic activities of DNA methylation and HDAC inhibitors were also demonstrated in a study showing greater reduction of lung tumor formation in mice when treated with phenylbutyrate and 5-Aza-CdR together (136) .
Apart from DNA methylation and HDAC inhibitors, HMT inhibitors have also been actively explored recently. One such inhibitor compound, DZNep, was shown to successfully induce apoptosis in cancer cells by selectively targeting polycomb repressive complex 2 proteins, which are generally overexpressed in cancer (137) . While the specificity of DZNep was challenged in a subsequent study (138) , these findings reinforce the potential of HMT inhibitors and the need for further development of specific histone methylation inhibitors. miRNAs also represent promising targets for epigenetic therapy. The finding by Saito et al. (111) demonstrated that downregulation of the oncogene BCL6 via reactivation of miR-127 following treatment with 5-Aza-CdR and 4-phenylbutyric acid strongly advocates in favor of the potential of a miRNA-based treatment strategy. In addition, the introduction of synthetic miRNAs, which mimic tumor suppressor miRNAs, can be used to selectively repress oncogenes in tumors. miRNAs, such as miR-101 that targets EZH2 (66) , can be used to regulate the aberrant epigenetic machinery in cancer that may assist in restoring of the normal epigenome. However, the lack of efficient delivery methods is a major hurdle in the effective use of this strategy. Development of efficient vehicle molecules for targeted delivery of synthetic miRNAs to tumor cells is of prime importance in future.
Future prospects and challenges
The epigenetic revolution that has come about in the field of biology during the last few decades has challenged the long-held traditional view of the genetic code being the key determinant of cellular gene function and its alteration being the major cause of human diseases. Advances made in the field of cancer epigenetics have led to the realization that the packaging of the genome is potentially as important as the genome itself in regulating the essential cellular processes required for preserving cellular identity and also in giving rise to disease states like cancer. Deeper understandings of the global patterns of these epigenetic modifications and their corresponding changes in cancer have enabled the design of better treatment strategies. A combinatorial approach utilizing different epigenetic therapeutic approaches along with standard chemotherapy holds significant promise for successful treatment of cancer in future. Such approaches might also help in sensitizing cancer cells, especially cancer stem cells, which are refractory to standard chemotherapy. Further understanding of cancer stem cells along with development of more specific epigenetic drugs may hold the key to our ability to successfully reset the abnormal cancer epigenome.
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